During the last century, large quantities of industrially produced 4-chlorobenzoate (4-CBA) or 4-CBA progenitors (herbicides and polychlorinated biphenyl pesticides) (8, 14, 17, 19) have been released into the environment. A wide variety of 4-CBA-degrading bacterial strains, which are capable of growth on 4-CBA as the principal source of carbon, have been isolated from soil (11, 35) . In these bacteria, 4-CBA is first converted to 4-hydroxybenzoate (4-HBA), which is then further metabolized via the ortho-or meta-cleavage pathway (11) .
The 4-CBA dehalogenation pathway of the 4-CBA-degrading bacterium Pseudomonas sp. strain CBS3 (21) was the first to be characterized. The pathway consists of three reaction steps (28) (see Fig. 1 ) which are catalyzed by the enzymes 4-CBA-coenzyme A (CoA) ligase, 4-CBA-CoA dehalogenase, and 4-HBA-CoA thioesterase. Each of these enzymes has been isolated, and their kinetic properties have been defined (7) . The three 4-CBA dehalogenation pathway genes are organized within an operon that is under the regulatory control of 4-CBA. In some 4-CBA-degrading bacteria, the gene cluster is located within the chromosomal DNA (6, 23, 26) , whereas in others it is carried on a plasmid (22, 25) .
The Arthrobacter sp. strain SU 4-CBA dehalogenation pathway operon was isolated on a 3.6-kb DNA fragment derived from a 120-kb plasmid (27) . The DNA fragment was shown to contain six open reading frames, three of which (fcbA, fcbB, and fcbC) are transcribed in the same direction. Truncation mutants lacking fcbA or fcbB were unable to dehalogenate 4-CBA, whereas the truncation mutant devoid of fcbC was 10-fold less active. The fcbA gene encoded a 57-kDa protein that shares 38% sequence identity with the 57-kDa 4-CBACoA ligase of the Pseudomonas sp. strain CBS3 4-CBA dehalogenation pathway. The fcbB gene encoded a 30-kDa protein that shares 50% sequence identity with the 30-kDa 4-CBACoA dehalogenase of the Pseudomonas sp. strain CBS3 4-CBA dehalogenation pathway. The fcbA and fcbB genes were thus assumed to encode 4-CBA-CoA ligase and 4-CBA-CoA dehalogenase (27) . The neighboring gene, fcbC, encoded a 16-kDa protein that did not share a significant level of sequence homology with the known 16-kDa Pseudomonas sp. strain CBS3 4-HBA-CoA thioesterase. The lack of sequence homology between the Pseudomonas thioesterase and the putative Arthrobacter thioesterase, as well as the different gene order observed in the Pseudomonas (dehalogenase-ligase-thioesterase) and Arthrobacter (ligase-dehalogenase-putative thioesterase) operons, made the assignment of the fcbC as the 4-HBA-CoA thioesterase gene uncertain. In the present study, the fcbC gene was subcloned, and its protein product was characterized.
MATERIALS AND METHODS
4-HBA-CoA thioesterase preparation. The Arthrobacter sp. strain SU fcbC was amplified by PCR (13) by using the pAS5 clone (previously prepared from the native plasmid pASU1) (27) as a template and commercial oligonucleotides as primers. The PCR products were digested with the restriction enzymes NdeI and HindIII and then purified by agarose gel chromatography before T4 DNA ligasecatalyzed ligation to the NdeI-and HindIII-digested pET-23b vector (Novagen). The resulting clone was transformed into competent Escherichia coli BL21(DE3) cells for gene expression. The cloned gene was verified by DNA sequencing. A WT-Arthio/pET-23b transformant of E. coli BL21(DE3) was grown aerobically at 37°C in Luria-Bertani medium containing 50 g of carbenicillin/ml. Protein production was induced with 0.4 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at ca. 10 h postinoculation (cell density had reached an optical density at 600 nm of 1.0). After a 5-h induction period, the cells were harvested by centrifugation (5,000 ϫ g for 15 min) and then resuspended in 200 ml of buffer (50 mM K ϩ HEPES [potassium salt of HEPES], 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride; pH 7.5) at 0°C. The cell suspension was passed through a French press at 1,200 lb/in 2 twice before centrifugation at 48,000 ϫ g and 4°C for 60 min. The supernatant was applied to a (5 by 40 cm) DEAESepharose (Amersham Pharmacia Biotech) column and eluted at 4°C with a 2-liter gradient of 0 to 0.5 M KCl in 50 mM HEPES (pH 7.5). The chromatography was monitored by measuring the eluant absorbance (280 nm) and thioesterase activity (see below). The thioesterase-containing fractions (eluted at ϳ0.2 M KCl) were combined, and then treated with ammonium sulfate. The 60 to 80% ammonium sulfate (wt/vol) protein precipitant was dissolved in 2 ml of 50 mM HEPES-0.2 M KCl (pH 7.5) buffer, applied to a 2-by-100-cm Sephacryl S-200 column (Amersham Pharmacia Biotech), and eluted at 4°C with the same buffer. The thioesterase-containing fractions were pooled and concentrated with a 10-kDa Macrosep Centricon (Pall Filtron). The yield of homogeneous thioesterase (based on sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE] analysis) was 100 mg/g of wet cell.
Thioesterase molecular size determination. The molecular mass was calculated from the amino acid composition, derived from the gene sequence, by using the EXPASY molecular biology server program Compute pI/M w (2) . The molecular mass was measured by electrospray mass spectrometry (mass spectrometry facility at the University of New Mexico) and by SDS-PAGE (a 4% stacking gel and a 16% separating gel). Commercial protein molecular weight standards were used to generate a plot of log of the molcular mass versus the distance traveled on the gel. Other k cat and K m determinations were made by using a DTNB [5,5Ј-dithiobis(2-nitrobenzoic acid)]-based continuous spectrophotometric assay. Hydrolysis reactions of the acyl-thioester substrates were monitored at 25°C by measuring the absorbance of 5-thio-2-nitrobenzoate at 412 nm (ε ϭ 13.6 mM Ϫ1 cm Ϫ1 ), formed by reaction of DTNB with the product, CoA. Reaction mixtures (200 l) contained thioesterase, acyl-CoA substrate (0.5 to 5 K m ), DTNB (2 mM), KCl (0.2 M), and 50 mM K ϩ HEPES (pH 7.5). The kinetic parameters of V max and K m were determined from initial velocity data, measured as a function of substrate concentration, by using the equation presented above and the computer program KinetAsyst. Inactivation of the thioesterase by the DTNB was tested and ruled out by carrying out enzyme-DTNB preincubation experiments.
pH rate profile analysis. The initial velocities of the Arthrobacter sp. strain SU thioesterase-catalyzed hydrolysis of saturating 4-HBA-CoA (100 M) were monitored at 25°C by measuring the decrease in solution absorbance at 300 nm resulting from the disappearance of reactant (i.e., ⌬ε ϭ 11.8 mM Ϫ1 cm Ϫ1. ). A universal tribuffer system containing 50 mM acetate, 50 mM 2-(N-morpholino) ethanesulfonate, and 100 mM Tris (pH 4.6 to 9.6) (12) was used to measure the pH dependence of the catalyzed reaction. The k cat was calculated from the ratio of the experimental initial velocity (by assuming equivalence to maximum velocity) and the enzyme concentration of reaction mixture. The enzyme concentration was determined by using a Bradford assay (5).
RESULTS
Thioesterase purification and molecular size determination. The Arthrobacter sp. strain SU thioesterase gene was overexpressed in E. coli BL21(DE3) cells transformed with the WTArthio/pET-23b clone. After induction and cell lysis, the thioesterase was purified by anion exchange and gel filtration column chromatography in a yield of 100 mg/g of wet cells. The purified protein was judged to be homogeneous based on SDS-PAGE analysis (see Fig. 2 3-HBA-CoA was ϳ3-fold larger than that of the 4-HBA-CoA. The greater reactivity might be explained by the resonance effect (i.e., reduced electron donation of the hydroxyl substituent from the meta position). The 2,5-dihydroxybenzoyl-CoA was, by comparison, a poor substrate. The presence of a hydroxyl group in the ortho position may cause steric hindrance to the nucleophilic attack occurring at the carbonyl carbon. Benzoyl-CoA, which lacks a ring hydroxyl group, was almost 1,000-fold less reactive than 4-HBA-CoA. However, once bound to the enzyme, the rate of hydrolysis (k cat ϭ 1.9 s Ϫ1 ) was only 3.6-fold lower than that of 4-HBA-CoA. Thus, the ring hydroxyl substituent appears to be an important factor in substrate binding, enhancing binding when located at the para position.
The phenylacetyl-CoA was by far the least reactive substrate among the aromatic acyl-CoA thioesters tested (k cat /K m ϭ 6.5 M Ϫ1 s Ϫ1 ). The conjugation of the thioester moiety to the aromatic ring appears to be required for substrate recognition by the thioesterase.
Fatty acyl-CoA and short-chain acyl-CoA thioesters are produced in bacterial cells to perform a variety of roles in metabolism and membrane function. We tested the substrate activities of a variety of short-and medium-chain acyl-CoA thioesters. As indicated in Table 1 , none of these thioesters showed substantial substrate activity. Thus, the Arthrobacter sp. strain SU thioesterase appears to be specific for the benzoylCoA core structure and most active with the benzoyl-CoA thioester that is hydroxylated at the para position. This substrate specificity profile is consistent with the primary role of the thioesterase in the metabolism of 4-CBA via the dehalogenation pathway of Fig. 1 .
Lastly, the substrate activity of 4-CBA-CoA with the thioesterase was tested. In the bacterium, 4-CBA dehalogenation occurs via conversion of the 4-CBA carboxyl group to a thioester, followed by nucleophilic substitution of the ring chloride and regeneration of the ring carboxylate group by thioester hydrolysis (Fig. 1) Thioesterase pH optimum. To determine the optimal pH range for thioesterase catalysis, the variation in the value of k cat values for 4-HBA-CoA hydrolysis was measured. As illustrated in Fig. 3 , there was no substantial change in the rate of catalysis over a pH range from 4.6 to 9.6. This indicates that acid and base catalysis is not required for the catalyzed reaction or, alternatively, that the pK a values of the participating acid or base groups reside outside of the pH range examined. The C(4)OH of the 4-HBA-CoA in aqueous solution ionizes with a pK a of 8.6 (32) . Thus, it might be expected that substrate ionization would impair catalysis at an alkaline pH. Since the k cat is not significantly reduced, it can be inferred that either the environment of the active site increases the pK a of the bound substrate or only the protonated form of the substrate binds to the enzyme. In future studies the pH profiles of the substrate k cat /K m and the K i for inhibitor binding will be measured to learn more about the pH dependency of substrate binding.
4-HBA-CoA thioesterase sequence comparison. The observation that two bacterial enzymes functioning in the same metabolic pathway and catalyzing the same reaction with equal efficiency share no significant sequence similarity is quite remarkable. A protein-threading study using the program 3D-PSSM (20) fold (3) with 95% certainty. Thus, despite the absence of sequence homology, the two enzymes may share the same fold. The determination of the X-ray crystal structure of the Arthrobacter 4-HBA-CoA thioesterase, which is under way, should provide helpful insight into the structural divergence of these two enzymes.
The results from sequence homology searches carried out with the Pseudomonas and Arthrobacter thioesterase sequences further underscored their evolutionary distance. The NCBI PSI/PHI-BLAST searches (1), carried out through six iterations by using the Pseudomonas and Arthrobacter thioesterase sequences as queries, respectively, identified two unique groups of protein homologs (i.e., none of the homologs were common to both groups of sequences). Additionally, when the two groups of sequences (40 representative sequences from each) were combined and analyzed by using the GCG PILE-UP program, the Pseudomonas thioesterase-derived sequences separated into one group and the Arthrobacter thioesterase homologs separated into a second group. Based on these results, it was concluded that these two groups of sequences represent two distinct subfamilies within the hotdog-fold enzyme superfamily, to which the Pseudomonas sp. strain CBS3 4-HBA-CoA thioesterase has been assigned (3).
The first 20 sequences taken from each of the two sequence families are shown in Fig. 4 . The active-site carboxylate residues Asp17 and Asp32 (30) of the Pseudomonas thioesterase are indicated by an asterisk. Asp17 functions in base or nucleophilic catalysis (30) and is stringently conserved among the subfamily members. Remarkably, there are no polar residues found in the Arthrobacter thioesterase, which are stringently conserved among its subfamily members.
DISCUSSION
The present work has demonstrated that the Arthrobacter sp. strain SU fcbC gene encodes 4-HBA-CoA thioesterase. Therefore, it is evident that the operons encoding 4-CBA dehalogenation in Pseudomonas sp. strain CBS3 and Arthrobacter sp. strain SU display different gene orders. Examination of the literature reveals that the ligase-dehalogenase-thioesterase arrangement observed in Arthrobacter sp. strain SU is also observed in Arthrobacter sp. strain TM1 (GenBank accession no. AF042490). Moreover, the dehalogenase-ligase-thioesterase gene order observed in the Pseudomonas sp. strain CBS3 is observed in the Pseudomonas sp. strain DJ-12 (6) . However, in this latter strain, three transport protein genes are inserted between the ligase and thioesterase genes. The differences observed in pathway gene order in different host strains suggests that the 4-CBA pathway operon has been subjected to reorganization.
In addition to differences in the gene order, the proteins themselves have undergone sequence divergence. Whereas the respective 4-CBA dehalogenation pathway proteins of the two Arthrobacter strains are matched in sequence, those of the two Pseudomonas strains are not. Sequence comparisons between paired enzymes from the two Pseudomonas dehalogenation pathways show that the sequence identity between the ligases is 58%, that between the dehalogenases is 86%, and that between the thioesterases is only 65%. Even greater sequence divergence is evident from the Arthrobacter-Pseudomonas 4-CBA pathway protein sequence comparisons (50% identity for dehalogenases, 38% for ligases and ca. 10% for thioesterases).
The divergence in the 4-CBA pathway operon at the level of gene order and at the level of protein sequence indicates that the 4-CBA dehalogenation pathway genes are not the result of recent adaptation. Thus, it is unlikely that the evolution of the dehalogenation pathway was triggered by the release of 4-CBA and 4-polychlorinated biphenyls into the environment by industry as was originally thought (4) . Enzymes, such as atrazine chlorohydrolase (29) , known to have evolved in response to global pollution by a novel substrate do not deviate in amino acid sequence from one host bacterial strain to another. In addition, a recently evolved enzyme will display a close sequence match (Ͼ90% identity) with a protein (its progenitor) that performs a different catalytic function in a classical metabolic pathway (29) . This is not the case with any one of the three 4-CBA pathway enzymes.
In view of the variety of halogenated aromatic compounds made by both prokaryotes and eukaryotes (9, 16, 31) , it is suspected that natural sources of 4-CBA exist (24) . The 4-CBA degradation pathway may have emerged in opportunistic bacteria once these sources became established, and the genes of the 4-CBA dehalogenation pathway may have thus had the opportunity to diverge through the process of random mutation and selection over a very long period of time. As with other operons that offer survival advantages to bacteria in particular niches, the 4-CBA dehalogenation pathway operon appears to have been passed from one strain to another (with some disruption). Indeed, evidence for horizontal operon transfer can be found in the transposon sequence (GenBank accession no. AF537222) that flanks the 4-CBA dehalogenation pathway operon (36) in Alcaligenes sp. strain AL3007 (22) .
